Ultrahigh-pressure metamorphism in the magnesite + aragonite stability field: evidence from two impure marbles from the Dabie-Sulu UHPM belt.
INTRODUCTION 36 37
The mineral assemblage magnesite + aragonite is of considerable interest for researchers 38 dealing with ultrahigh-pressure (UHP) metamorphism, crust-mantle interaction or carbonate 39 stability in the upper mantle because the breakdown of dolomite to magnesite + aragonite has 40 been determined in a series of experiments (Liu & Lin, 1995; Martinez et al., 1996; Luth, 41 2001; Sato & Katsura, 2001; Buob et al., 2006; Morlidge et al., 2006) to occur at very high 42 pressures, within the so-called "forbidden zone", i.e. at "geothermal gradients" below 5°C per 43 km ( Fig. 1) . Even though there is a considerable spread between the different experimental 44 results, search for traces indicating the (former) presence of a magnesite + aragonite bearing 45 mineral assemblage in ultrahigh-pressure marbles or eclogites is indicated because the 46 number of possible geothermobarometers in that P-T range is very limited and the tectonic 47 consequences of such finds quite important. 48
49
Although dolomitic marbles can be found in almost any UHP metamorphic area with 50 metamorphosed supracrustal rocks, only Zhu & Ogasawara (2002) and Zhu (2005) reported 51 observation of dolomite decomposition in marbles from Kokchetav and from the Sulu-terrane 52 in China, but these observations were contested (Hermann, 2003; Zhu, 2003) or revised after 53 a more detailed investigation (Zhu et al., 2009) to the effect that the dolomite-magnesite 54 marble investigated had not crossed the dolomite-out curve. Omori et al. (1999) discovered 55 rare magnesite in impure dolomitic marbles from Xinyan (Dabie Shan) and concluded from 56 the apparent textural disequilibrium of calcite-magnesite intergrowths that this rock also had 57 not experienced pressures above the dolomite dissociation curve. Liu et al. (2006) however 58 claim from inclusions of both aragonite and magnesite in the same "UHP growth zone" in 59 muscovite consist of Ba-rich muscovite + phlogopite + albite (Fig. 2f) . Rounded inclusions of 110 microcrystalline talc + calcite in omphacite, surrounded by cracks could be pseudomorphs 111 after former coesite (Fig. 2g) . Apatite cores are strewn with micrometer-sized blebs and 112 needles of a Ce-rich phosphate -presumably monazite. The needles are crystallographically 113 oriented in at least three different directions, indicating a precipitate origin (Fig. 2h) . 114 115 The most revelatory mineral microstructures are those of the carbonate phases. Magnesite has 116 yet been found only as inclusions in dolomite, but its degree of preservation can vary from 117 completely fresh, often oval grains with straight grain boundaries to completely replaced by a 118 porous type of calcite with or without additional dolomite or a Mg-Si-bearing talc-like 119 mineral, which is, however, too poorly crystallized for a reasonable microprobe 120
measurement. The various states of replacement are documented in Figs 3a-d. 121
Calcite occurs in three different morphological varieties. Pseudomorphic replacement of 122 magnesite invariably results in a porous type of calcite (Fig. 3d ). Another type of matrix 123 calcite contains abundant blebs of dolomite and is interpreted as former high-Mg-calcite (Fig.  124 3e). Some, but not all of these calcite grains are found as part of medium grained amphibole 125 + quartz or symplectite replacement microstructures after omphacite, and could be by-126 products of the omphacite breakdown reaction. A third type of calcite is devoid of pores and 127 of dolomite inclusions. It was observed mainly as inclusions in omphacite, often with 128 concentric cracks, and more rarely included in dolomite or adjacent to omphacite or dolomite 129 grains (Figs 3f,g ). One such grain contains relics of a BSE-brighter CaCO 3 mineral, which is 130 aragonite (Fig. 3g) , as verified by Raman spectra which show a peak at 206 wavenumbers 131 which is typical for aragonite and absent in calcite. The Mg-content of the latter calcites is 132 negligible (see below), consequently these grains are considered to represent former aragonite 133 as well. Finally, BSE-imaging revealed dolomite within dolomite, i.e. a grain of dolomite 134 with a brighter BSE-contrast than the surrounding "normal" matrix dolomite (Fig. 3h) . 135
136
Sample XU-1 137
The thin section of sample XU-1 goes right across the contact between eclogite and dolomitic 138 marble, which are separated by a thin monomineralic band of amphibole 2-3 mm across. The 139 eclogite consists mainly of omphacite and subordinate garnet, phengite and rutile, which are 140 rimmed or replaced respectively by: symplectites of amphibole + plagioclase, Fe-Al-rich 141 amphibole, symplectites of biotite + plagioclase, and titanite. The marble is composed of 142 dolomite, calcite, amphibole, talc and very minor chlorite (Fig. 4a) . Both tremolite and talc 143 are coarse-grained (up to mm-sized). Talc is inclusion-free whereas tremolite often contains 144 inclusions of quartz and more rarely of omphacite, magnesite and calcite. Omphacite is not 145 stable in the matrix but was replaced by amphibole + quartz (Fig. 4f) . The quartz inclusions 146 in amphibole are sometimes fresh, but more often develop reaction coronas of talc plus 147 calcite (Fig. 4b) . Dolomite also contains inclusions of omphacite, magnesite and amphibole 148 and shows a complex chemical zoning with BSE-darker cores and brighter peripheral parts 149 (Figs 4c,g ). The degree of brightness increases with Fe-content of dolomite, the source of 150 which, in some cases at least, seems to be inclusions of relict magnesite (Figs 4c, e) . 151 152 Calcite is modally dominant over magnesite in the matrix, where the former replaces the 153 latter ( Fig. 4d) and displays a variety of microstructures, the most common one being non-154 porous calcite along former grain margins of magnesite and polycrystalline porous calcite 155 towards the centers of such pseudomorphic replacement microstructures (Fig. 5a) PET (Dachs, 1998 (Dachs, , 2004 (Fig. 6a) . The highest jadeite 215 content was found in an inclusion in quartz, followed by inclusions in dolomite and 216 amphibole, with the lowest values for inclusions in calcite ( Table 1 ). The magnesite in 217 sample XU-1 has a slightly higher Fe/Mg ratio (less Ca) than that of sample RPC-159 ( We would first like to discuss the metamorphic history of the investigated marbles in this 249 framework and then compare the P-T estimates obtainable from them (using 250 THERMOCALC, mode averagePT) with prior P-T estimates for these areas. 251
252
The observed mineral microstructures and compositions in sample RPC-159 can be explained 253 as follows: an aragonite-bearing dolomite marble passes into the omphacite + talc stability 254 field along the prograde subduction path, and subsequently crosses the dolomite 255 decomposition curve to become an aragonite-magnesite marble. During exhumation, 256 magnesite and aragonite mostly back-react to dolomite, leaving only isolated relics of 257 aragonite (in omphacite, dolomite and matrix) and magnesite (inclusions in dolomite). 258
During subsequent breakdown of omphacite + talc to amphibole ± quartz all talc is consumed 259 (relics occurring only as rare and poorly preserved inclusions in omphacite and dolomite). 260
Quartz is clearly a reaction product and occurs only as part of this reaction microstructure, 261 generally included in amphibole. Aragonite later transforms to calcite. The coarse-grained 262 omphacite + tremolite assemblage is still largely preserved with the exception of partial 263 symplectite-type retrogression. The fine-grained, porous nature of the minerals 264 pseudomorphically replacing magnesite indicates low temperatures for this stage. The 265 dolomite-in-dolomite microstructure might indicate that at least some magnesite grains were 266 replaced earlier -in a process with different kinetics -by dolomite only. 267 268 Omori et al. (1999) had already observed the disequilibrium replacement microstructures of 269 magnesite by calcite but not differentiated between the different types of calcite, which 270 makes it possible to better understand the metamorphic evolution. They also observed 271 magnesite being replaced by an inner rim of dolomite and an outer rim of calcite (their Fig.  272 4b) -a microstructure that was not found in our study but that can be expected and may 273 represent a transitional type to the dolomite-in-dolomite microstructure reported here. of the activity models used for amphibole and, to a lesser extent, for clinopyroxene and talc. 292
We used models implemented in the AX software of Holland, which are simplified at least to 293 the degree that fluorine is disregarded. The actual peak metamorphic silicate assemblage 294 stable at conditions estimated from the eclogite samples would have been clinopyroxene + 295 coesite + aragonite + dolomite/magnesite. However, only possible pseudomorphs after 296 former coesite have been found. 297
298
Mineral modes, microstructures and compositions of sample XU-1 can be explained in a very 299 similar way as for sample RPC159. The silicates preserve record of retrograde breakdown of 300 omphacite + talc to amphibole ± quartz during decompression, indication of a prior high-301 pressure if not ultrahigh-pressure history. Omphacite was completely consumed during this 302 reaction, and as talc is a poor container of (U)HP relics, the chance to recover UHP relics is 303 very unlikely in this type of marble. The carbonate microstructures differ from those in 304 RPC159: magnesite was apparently a stable matrix phase during much of the rocks 305 metamorphic history. Magnesite inclusions in apatite indicate that magnesite was most likely 306 present already at the beginning of the metamorphic cycle, and magnesite inclusions in 307 amphibole indicate that it was present as a stable matrix phase during amphibole growth, 308 which occurred at pressures far below the dolomite decomposition curve (Fig. 9) . The modal 309 predominance of calcite over magnesite in the thin section seems to be contradictory, but 310 there is no record of primary aragonite. Quite to the contrary, all calcite is of the replacement 311 type, and the very fine grain size of the replacement products as well as the presence of 312 goethite and amorphous silica indicate that this replacement occurred at a very late ( clinopyroxene + coesite + dolomite + magnesite peak assemblage. One possible piece of 331 evidence for that may be the only grain of quartz found in the matrix (Fig. 4a) , which, 332 embedded in dolomite, may have survived the entire exhumation history. Talc would then 333 have formed as the first product of back-reaction from coesite and clinopyroxene, and may 334 have also been the first layer separating the coesite-bearing eclogite from the dolomite-335 magnesite marble. Crossing of the degenerate reaction diopside + talc = tremolite would then 336 have replaced this layer by amphibole and consumed all matrix omphacite in the talc-337 dominated marble. Quartz inclusions in amphibole start to react with their host during 338 exhumation according to the simplified reaction tremolite + quartz + CO 2 = talc + calcite. 339
The BSE-bright, Fe-rich goethite-SiO 2 material has also been found in this microstructural 340 setting ( Fig. 6d-f ), indicating that this reaction was coeval with the main stage of matrix 341 magnesite replacement. Fe 2+ from amphibole (and not from magnesite) may have been the Fe 342 source for goethite in this case. 343 344 P-T conditions of ca. 600°C and 3.4-3.7 GPa were derived from an eclogite assemblage from 345 this outcrop and a UHP history is further corroborated by finds of coesite (Zhu et al., 2009) . 346
The shift of the dolomite dissociation curve calculated for this sample is again not big enough 347 (Fig. 9) to reach down to the conditions recorded in the eclogite, which could mean that the 348 aragonite + magnesite stability field had not been reached. However, it should be noted that 349 Liu et al. (2006) reported inclusions of aragonite and magnesite from within the "UHP-zone" 350 of a zircon, also from the same outcrop, indicating a P-T history that is not preserved in the 351 main mineral assemblages of marbles. It is possible that a dolomite-magnesite marble crossed 352 the dolomite dissociation curve, but that all evidence of prior aragonite produced in that field 353 was erased at least in the samples investigated by us. 354 355 Interestingly, the composition of matrix dolomites in both samples (Ca<(Mg+Fe+Mn)) 356
indicates that they coexisted with magnesite rather than with aragonite; only the Ca-rich 357 "dolomite-in-dolomite" grains in sample RPC-159 seem to have Ca>(Mg+Fe+Mn). This 358 makes sense for sample XU-1, because all evidence points to a late-stage Ca-introduction into 359 the rock. In fact, these dolomite composition data corroborate the metasomatism hypothesis. 360
In the case of RPC-159, there is no evidence for Ca-transfer into the system, and the amount 361 of high-Mg matrix calcite is definitely higher than the small amount of magnesite relics (ratio 362 of at least 10:1). A possible explanation is that the composition of dolomite growing from 363 aragonite + magnesite is controlled by magnesite rather that aragonite. 364 365
General implications 366 367
Impure marbles have not been considered to be particularly useful for high-pressure 368 metamorphic research because most of the reactions known from simple chemical systems 369
like CaO-MgO-SiO 2 -H 2 O-CO 2 (CMASCH) are mainly temperature-dependent and because 370 rocks with a mixed H 2 O-CO 2 -fluid are not amenable to constant composition diagrams 371 ("pseudosections"). This is due to the fact that the composition of the fluid, for which the 372
system is inevitably open, changes throughout the metamorphic history in a manner that 373 becomes predictable only by including kinetic boundary conditions. 374
375
Nevertheless we have shown that the degenerate reaction tremolite = diopside + talc is a good 376 barometer that covers a certain P-T range because all of the minerals involved are solid 377 solutions, and it has played a central role in the P-T evolution of both samples investigated in 378 this study. As a degenerate reaction it is pertinent for calcite-dolomite, dolomite-magnesite 379 and pure magnesite marbles, with an increasing stability field of clinopyroxene + talc at 380 higher pressures in that sequence. Clinopyroxene-talc-marbles are replaced by clinopyroxene-381 coesite marbles towards higher T and P, before the possible onset of dolomite decomposition. 382
The reaction of dolomite = aragonite + magnesite is again highly divariant due to variable Fe-383 content, mainly in magnesite and dolomite, and is shifted towards lower pressures with 384 increasing Fe, becoming thus amenable for impure marbles in cold subduction zones. 385 Therefore, great care should be taken to not overlook relics of magnesite in "ordinary" 386 calcite-dolomite marbles from UHPM terrains. The role of coesite/quartz and 387 aragonite/calcite "relics" has to be evaluated carefully because both minerals can be reaction 388 products along the retrograde path, too. The role of calcite is even more critical because Mg-389 free calcite inclusions with radial cracks might be the only criterion to derive a prior 390 aragonite + magnesite stability stage, and calcite can obviously be involved in late-stage 391 disequilibrium replacement reactions and form pseudomorphs that could be misinterpreted as 392 former aragonite. 393
394
The peak assemblage in the diamond stability field is clinopyroxene + coesite + dolomite + 395 aragonite, which is more or less equivalent to clinopyroxene + quartz + dolomite + calcite -a 396 very common assemblage at much lower pressures and higher X CO2 in the fluid. Hence it is 397 also vital to search for coesite relics in "normal"-looking marbles from UHP areas. 398 399 Schertl & Okay (1994) , Zhang & Liou (1996) and also the results of this study show that 400 dolomite can be good enough as a container to preserve relics such as coesite or magnesite, 401 and even talc that is no longer in equilibrium with matrix clinopyroxene. 
